We searched the primary sequence of influenza A H5N1 polyprotein for hexamer amino acid sequences shared with human proteins using the Protein International Resource database and the exact peptide matching analysis program. We find that the viral polyprotein shares numerous hexapeptides with the human proteome. The human proteins involved in the viral overlap are represented by antigens associated with basic cell functions such as proliferation, development, and differentiation. Of special importance, many human proteins that share peptide sequences with influenza A polyprotein are antigens such as reelin, neurexin I-α, myosin-IXa, Bardet-Biedl syndrome 10 protein, Williams syndrome transcription factor, disrupted in schizophrenia 1 protein, amyotrophic lateral sclerosis 2 chromosomal region candidate gene 17 protein, fragile X mental retardation 2 protein, and jouberin. That is, the viral-vs-human overlap involves human proteins that, when altered, have been reported to be potentially associated with multiple neurological disorders that can include autism, epilepsy, obesity, dystonia, ataxia-telangiectasia, amyotrophic lateral sclerosis, sensorineural deafness, sudden infant death syndrome, CharcotMarie-Tooth disease, and myelination. The present data are discussed as a possible molecular basis for understanding influenza A viral escape from immunosurveillance and for defining anti-influenza immune-therapeutic approaches devoid of collateral adverse events.
Introduction
Many fundamental questions remain unanswered in virology. Virus-associated pathologies and phenomena (such as tissue tropism, chronic infection, the viral role in cancer) are yet to be explained. Likewise, we remain ignorant of the basic mechanisms that regulate viral quiescence and activation. 1, 2 Moreover, as a fundamental priority step in any possible therapeutic approach, we need to solve the enigma of successful virus escape from immune surveillance. 3, 4 In order to understand the molecular basis of viral immunogenicity and pathogenesis, we analyze, quantitatively and qualitatively, the peptide-sharing platform between viruses and human proteins. [5] [6] [7] We use short peptide motifs as scanning units because 5-6 amino acids define functional modules with a central role in cell biology and immunology. 8 Indeed, scientific reports indicate that 5-6 amino acids is a sufficient minimal determinant in antigen-antibody recognition. 8, 9 Also, it is known that the optimal T-cell epitope length ranges between 9 and 15 amino acids, with the central 5-6 amino acid residues playing a major role in establishing specific immune interactions. 10 Thus, according to our previous studies too, 11 the structural features of an immunogenic T-cell epitope may
Results
Quantitative analysis of the hexapeptide overlapping between influenza A polyprotein and human proteomes Figure 1 describes the influenza A overlapping pattern to the human proteome at the hexapeptide level (ie, the number of occurrences in the human proteome for each viral hexapeptide). It can be seen that all the 10 influenza proteins, regardless of their functions or lengths, present perfect hexapeptide matches to human proteins. Moreover, Figure 1 shows that the overlapping pattern has a similar behavior in the 10 influenza A proteins, with viral peptide areas scarcely represented in the human proteins alternating with viral peptide areas highly repeated in human proteins. Numerically, the viral-vs-human overlap is defined by 1,905 perfect matches (Table 1) . Theoretically, the number of times a given viral hexamer might occur at random in the human proteome (calculated on the basis of the unique hexamers in viral and human proteomes) is 569.7. Therefore, the overlapping extent reported in Table 1 is about 3.3-fold higher than the theoretical value.
Qualitative analysis of the hexapeptide overlap of influenza A polyprotein vs human proteins
The number of viral hexapeptide matches found in human proteins is high, and only a short survey is reported in Table 2,   MDSNTI  EWYMLM  FAWGIH  IRWLIA  LGFVFT  HRSHRQ  KNEWEC  CIGYHA  LLSRTN  STLNQR  PKYVKS  LERRIE  ISGVKL  YENNTW  RTLMSC  FKMEKG  GVWIGR  SWPDDA  TGGPIY  ELIRMI  EREGYS  SGGNTN  MEDFVR  EKPKFL  VEERFEI  GIPLYDI  RSLASW  YGFLIK  SVKEKD  LLNASW  EAMAFL  RVRDNM  MTNSQD  EKIRPL  TCEFTS  LLVSDG  YQKCCN  GRQEKN  NQVKIR  GTCWEQ  SVKKEE  HFQKDA  WEINGP  TVNVRG describing 74 viral hexapeptides occurring in 82 human proteins. However, Table 2 clearly shows that the human proteins involved in the viral hexapeptide overlap exert key cellular functions, and many of them have a specific localization in the brain. The functional relevance of the human proteins sharing viral hexapeptides is illustrated in the following examples: Alstrom syndrome protein 1 (ALMS1), involved in sensory transduction and expressed in fetal brain; Laforin-interacting protein, associated with progressive myoclonic epilepsy type 2; chloride channel protein 2 (CLCN2), defects in which may be the cause of epilepsy or generalized tonic-clonic seizures in childhood or adolescence; Niemann-Pick C1-like protein 1 (NPCL1), alterations of which may be associated with Niemann-Pick C disease and characterized by cognitive impairment and ataxia; Huntingtin protein and Huntingtin-interacting protein 3; the paroxysmal nonkinesiogenic dyskinesia (PNKD) protein, defects of which are the cause of dystonia type 8; gemin-4, a component of the complex survival of motor neuron (SMN) that is associated with the neurodegenerative disease spinal muscular atrophy; and dehydrogenase enzymes, such as the mitochondrial glutamate dehydrogenase 1 (involved in learning and memory and, when altered, causes hyperinsulinism-hyperammonemia syndrome) and glutamate dehydrogenase 2 (involved in neurotransmission). Interestingly, viral hexapeptides are found in human proteins that have been specifically associated with sudden death, including sudden infant death syndrome, ie, trifunctional enzyme subunit β (ECHB), ryanodine receptor (RYR) 2 or cardiac muscle-type ryanodine receptor, caveolin-3 (CAV3), and ankyrin-2 (ANK2) or brain ankyrin (Table 2) . Of special note, titin, that has been linked to cardiac failure and sudden cardiac death, 17 presents 14 exact matches in common with influenza A H5N1 polyprotein (ie, the matches along the viral polyprotein are, in the order: LKANFS, SDSSDP, SYIVEK, PKSSWS, AELLVL, DPKKTG, PKK-TGG, SGAAGA, GAAGAA, SAAFED, LSIEDP, ELQDIE, TNDAGS, KEEEVL).
On the whole, a result emerging from the analysis given in Table 2 is that the viral-vs-human overlap is physiologically complex with respect to the human proteins involved. As a paradigmatic snapshot, the viral PA protein shares the GVEEGS sequence (aa 627-632) with the human Msx2-interacting protein (hMINT or SMART/histone deacetylase [HDAC1]-associated repressor protein). Human MINT is an essential corepressor protein, which probably regulates different key pathways, such as the Notch pathway. The protein is expressed at high levels in brain, testis, spleen, and thymus and is induced by the 17β-estradiol hormone. The (inter) actions exerted by hMINT are physiologically important. Indeed, Notch dysregulation may underlie some of the distinctive clinical and pathologic features of tuberous sclerosis complex, a multisystem tumor suppressor gene syndrome characterized by neurologic disorders (seizures, mental retardation, autism); pulmonary lymphangioleyomyomatosis; and hamartomatous tumors of the brain, heart, kidney, and skin. 18, 19 Quantitatively, in a few instances, the viral-vs-human overlapping involves multiple occurrences of the same hexapeptide. Analysis of the hexapeptide overlap of influenza A vs human proteins associated with behavioral syndromes and crucial function(s) in the brain and/or in the peripheral nervous system
An analysis of Table 2 shows that a number of proteins containing viral hexapeptides are specifically located in selected brain areas, such as the amygdala, substantia nigra, caudate nucleus, thalamus and hypothalamus, hippocampus, and cerebellum (mentioned in boldface in Table 2 ). Following this observation, we restricted our analysis by searching for viral-vs-human overlaps in proteins potentially relevant at the neurological level, focusing in particular on antigens linked to behavior and/or fundamental neurophysiological functions, such as myelin. The data obtained are illustrated in Tables 3  and 4 . Specifically, Table 3 reports that influenza A H5N1 polyprotein shares viral hexapeptide sequences with many human proteins that have been associated with schizophrenia, autism, and similar behavioral disorders, such as the Williams-Beuren and Bardet-Biedl syndromes. Some among the many human proteins that have influenza A motifs include neurexins, disrupted in schizophrenia 1 protein, and reelin (ie, antigens whose link with autistic syndromes is well documented, both scientifically and clinically). 22, 28, 35, 36 In a few cases, multiple viral hexapeptides occur in the same human protein: eg, human neurexin I-α protein contains 2 viral hexapeptides (NEP [25] [26] [27] [28] [29] [30] SVDLNG and NC 390-395 TRSGGN peptides). Likewise, the human Bardet-Biedl syndrome 10 protein contains the viral HA 64-69 KPLILR and RDRP 271-276 LPVGGN peptides (see Table  3 ). In addition, Table 3 shows that the commonality between the virus polyprotein and a human antigen can also occur at the heptapeptide level (see myosin-IXa and dystrophin). Table 3 shows that influenza A overlaps occur in a number of human proteins that, when altered, have been reported to be possibly related to autism and behavioral disorders with deficits in social communication and interaction. However, the number of antigens potentially associated with autism and presenting viral motifs may be larger. Indeed, postmortem studies of the brain in autism have shown a broad spectrum of abnormalities in the cerebellum and neocortex, involving limbic regions, such as the anterior cingulate cortex. 45 Following proteomic analysis of the anterior cingulate cortex in major psychiatric disorders and comparing protein spots between control and disease groups, a number of cytoskeletal and mitochondrial proteins appeared dysregulated in psychiatric disorders. 46 Among them, there are glutamate dehydrogenases, described in Table 2 .
Finally, Table 4 documents that viral hexapeptide sequences occur in 17 human proteins that have been related to myelin and (de)myelination processes. Moreover, many of the proteins described in Table 4 have also been associated with other pathologies, such as bipolar disorder, schizophrenia, congenital cataracts, facial dysmorphism, or neuropathy syndrome. On the whole, again, we observe that the viral-vs-human overlap is physiologically extremely complex regarding the functions and the pathological involvement of the human proteins involved.
Quantitative and qualitative analysis of the hexapeptide overlap of TMV coat protein vs the human proteome Searching for controls, we also investigated the extent of peptide sharing between human proteins and viruses that do not infect humans, such as TMV and brome mosaic virus (BMV), ie, 2 viruses that specifically infect plants. We found that the TMV and BMV proteomes overlapped the human proteins at a
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Hexapeptide sharing: influenza virus vs Homo sapiens May play a role in anchoring the cytoskeleton to the plasma membrane. Defects in dystrophin are the cause of the following: (1) Duchenne muscular dystrophy, with proximal muscle weakness causing waddling gait, toe-walking, lordosis, frequent falls, and difficulty in standing up and climbing up stairs (most patients are confined to a wheelchair by the age of 10 or 12 y; contractures and scoliosis ultimately occur); (2) Becker muscular dystrophy, later in onset and more benign; and (3) cardiomyopathy dilated X-linked type 3B. Associated with autism spectrum disorder. 30 hexapeptide extent comparable to that of the influenza A virus (Kanduc, unpublished data). As an illustrative example, Tables 5  and 6 detail the quantitative and qualitative hexapeptide overlap of TMV coat protein vs the human proteome. Table 5 shows that the TMV coat protein has a hexapeptide overlap with human proteins about 3.8-fold higher than the theoretical value. That is, it is even higher than the overlap value found with influenza A virus (Table 1) . Moreover, the TMV coat protein-vs-human proteome overlap involves numerous human proteins specifically expressed or highly abundant in the human brain (Table 6 ).
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Hexapeptide sharing: influenza virus vs Homo sapiens Processively dephosphorylates "Ser-2" and "Ser-5" of the heptad repeats YSPTSPS in the COOH domain of the largest rnA polymerase ii subunit. This promotes the activity of rnA polymerase ii. The phosphorylation is required for the physical interaction with gTF2F1. Defects in cTDP1 may cause congenital cataracts facial dysmorphism neuropathy syndrome, with hypogonadism, hypomyelination of the peripheral nervous system, and delayed motor and intellectual development. central nervous system involvement, with cerebral and spinal cord atrophy, may be the result of disrupted development. Affected individuals are prone to severe rhabdomyolysis after viral infections and to serious complications related to general anesthesia as pulmonary edema and epileptic seizures. 
Discussion
The present study shows that a high number of influenza A H5N1 hexapeptides are seen in numerous human proteins that play a crucial role in neural networks and functions. This finding might help one to understand the neuropathogenesis of influenza-associated encephalopathy that still remains unclear. 69, 70 In this regard, a recent report has described significant expression changes in cytoskeleton proteins, proteins associated with the ubiquitin-proteasome pathway, and neural signal transduction proteins in chicken brain following influenza H5N1 infection. 71 Interestingly, many proteins, the expression of which changed in the H5N1-infected brain (ie, tubulin, phosphoglucomutase-1, ubiquitin carboxyl-terminal hydrolase 3, vimentin, 26S proteasome subunit S5B, tyrosine 3-monooxygenase/ tryptophan 5-monooxygenase activation protein, β polypeptide, septin, and tubulin-specific chaperone D), are listed in Table 2 as proteins that share hexapeptide motifs with the viral H5N1 polyprotein. From this point of view, the present report offers a molecular basis to investigate the possible link(s) between influenza viruses and neuropathogenesis, especially considering that short peptides are functional modules playing a central role in enzyme activity, cell-cell adhesion, hormone activity, and regulation of oncoprotein expression. 8, 72, 73 The remarkable viral-vs-human peptide commonality is not exclusive of the influenza A H5N1 virus, but this phenomenon has been found in a number of different viruses, with different tissue tropism and pathogenicity. 5 In addition, as a datum of relevant interest, for the first time this study demonstrates that there is a high level of peptide sharing between the human proteome and the coat protein from TMV, a virus that does not infect humans. Even more surprisingly, many of the TMV coat protein hexapeptides occur in human-brain-specific proteins. From an evolutionary point of view, these findings raise the fundamental question of what are the phenetic links between viruses and Homo sapiens. Indeed, Tables 5 and 6 seem to indicate that the phenetic similarities at the protein level between humans and viruses do not derive from a convergent evolution process catalyzed by a selective pressure. Or, in other words, the phenetic amino acid sequence identity (ie, the peptide The bactericidal permeability-increasing protein (BPi); signal recognition particle receptor (srPr) subunit α; and protein-tyrosine phosphatase 1e (PTn13) have 2 consecutive overlapping viral hexamers.
sharing between viruses and humans) appears to occur independently of the host's susceptibility to a viral infection. In this frame, the remarkable viral-vs-human peptide commonality suggests that one should rethink and redefine the evolutionary links between entities that are phylogenetically different such as viruses and Homo sapiens.
In addition, the viral-vs-human peptide sharing may also offer an interpretation key for the enigmatic ability of influenza viruses to escape from humoral and cellular immune recognition. 74, 75 Antigenic drift (ie, accumulation of mutations in influenza surface glycoproteins, HA, and NA, and/or in cytotoxic T-lymphocyte epitopes) and antigenic shift (ie, introduction of new viral subtypes) have been proposed as the main mechanisms allowing escape from host immune surveillance. 76 In addition, the peptide identity platform existing between the influenza A polyprotein and human proteome may be a concomitant factor in successful influenza pandemics. As a matter of fact, a human anti-influenza immune reaction might be prevented a priori by powerful self-tolerance mechanisms fully operating in our body. According to Ehrlich, the immune system is prevented from mounting an attack against self-antigens, thereby avoiding the harmful autodestruction of the tissues it was designed to protect: "It would be exceedingly dysteleologic if in this situation autotoxins were formed". Ehrlich named this concept "horror autotoxicus". 77 Hence, as already suggested, 78, 79 it is possible that the massive peptide overlap existing between microbes and the human host is the main obstacle to an immune reaction against infectious agents, thus explaining the scarce immunogenicity of influenza viruses in humans. 74, 75 Accordingly, in vaccination procedures and protocols, the simple administration of an influenza virus generally does not elicit a powerful immune response. To increase immunogenicity, often anti-influenza vaccines contain adjuvants, 80 ie, compounds that appear to act by increasing antigen availability and uptake by immune cells, activating innate immunity pathways in vivo, and generating an immunocompetent environment at the injection site. 81 Through these multiple and not yet fully understood mechanisms, adjuvants bypass the host immunotolerance mechanisms and determine powerful immune responses. This means as a logical consequence of the peptide commonality between the virus and the human host, the adjuvant-potentiated anti-influenza reaction
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Hexapeptide sharing: influenza virus vs Homo sapiens may enhance cross-reactivity with sequences shared with human proteins (Tables 2-4) . In this context, it is worth recalling that 5-6 amino acids can form a sufficient minimal determinant for an epitope-paratope interaction, so that the hexapeptides described in Tables 2-4 may act as immune units and play a role in cell immunoreactivity and antigen-antibody recognition. 8, 9 In conclusion, the findings presented here may be of help not only for a more thorough analysis of the relationship(s) between influenza viruses and humans but also for designing safe peptide-based anti-influenza vaccines. 82 Indeed, selecting unique viral sequences and, conversely, discarding viral sequences shared with human proteins may eliminate side effects due to cross-reactivity.
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